
Unit IV: The Refraction of Light

Fast. It's Fast.

For ages, light was thought to travel instantaneously from one place to the next. There were a few attempts to
measure the speed of light however:

Take one:
Galileo, in the 17th century, was the first person to try to measure the speed of light. He and his assistant stood

on hilltops one mile apart with lanterns. Galileo would flash his light at his assistant, who opened a shutter on

his lantern as soon as he saw Galileo's light.

Galileo timed how long it took to see his assistant's light. However, he found that the time of the event was too

smallto measure.

Take two:
OleRomerduringthel6T0'smadecarefulobservationsofJupiter'smoonlo. Sincelohasaverystableorbit,
Romer concluded he should be able to predict where lo is in its orbit. However, he noticed that sometimes the

moon was behind schedule and sometimes it was ahead, depending on the time of the year.

Romer discovered that lo was ahead of schedule when Earth was closest to Jupiter, and behind when they were

farthest apart. This is due to the fact that light has to travel farther when Earth and jupiter are far apart.

His calculations showed that light travelled at 300 000 0OO mf s, or 3.OO x 108 m/s.

Although with better equipment we have measured the speed of light to be 299 792 456.2 m/s we still use

Romer's 3.0 x 108 m/s as a good approximation. We will use the following equation when dealing with the

speed of light:

d where:
11 

-- t c= the speed of light (3 x 108 m/s)
d = distance travelled (m)

t = time (s)

Therefore, if we know the distance we can solve for the time it takes light to travel that distance. Likewise, if we

know the distance light travels we can find out how much time it takes to do so.

One thing to mention is that since time must be in seconds, we should brush up

on conversions.

l-min=50s t hour = 60 min tdaY =246
1 year = 355.25 days
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Ex. How many seconds are in 2.35 years?
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Ex. How long does it take light to travel from earth to a.space ship that is 7.80 x 1010 km away?
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Ex. A space ship orbiting a distant planet sends out a distress call via radio. How far is the receiving ship away if
they get the message 1,.2O hours after it was sent?
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Things are Far Away
Since astronomers deal with such vast distances, sometimes they use a distance called a light year. A light year
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What is the distance, in km, for 1 A .U. if it takes light 8.33 minutes to get from the
sun to earth?
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Another unit for distance is the parsec. We will not concern ourselves with its definition as it is beyond the span

of this course. Just know:

1 pc = 3.26|y

We will convert distances through dimensional analysis, just as we do with time conversions.

How many kilometers are in 1 parsec?
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Ex. A star is g.52 ly away. How many years does it take for light to reach us from this star? How many parsecs is

this star away from earth?
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It Bends?
The substance light is travelling in is called a medium.

When light travels from one media to another it bends. This bending of light is known as refraction. The

bending of light is due to the fact that light travels at different speeds in different media. Therefore, each

substance has its own unique speed of light.

For example, light travels faster in air than in water'

The fastest light can travel is in a vacuum. This is basically 3.OO x 108 m/s. The next fastest is air, which we

approximate at 3.00 x 108 m/s, although it does travel slower than in a vacuum.

Each medium has its own index of refraction (n), which is a comparison of the speed of light in that particular

substance, with the speed of light in a vacuum

Note that there is a list of indices of refraction on the back of our formula sheet.

C
TL=_

v
where:
n = index of refraction
c = speed of light in a vacuum (m/s)

v = speed of light in a medium (m/s)
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Ray diagram depicting refraction:

The point at which two media meet is called an interface.

When light hits an interface, it bends at the interface, but not in one material or the other. This happens at the
point of incidence.

The line perpendicular to the interface running through the point of incidence is still called a normal.

The angle between the incident ray and the normal is the angle of incidence.

The refracted ray is the ray that leaves the interface through the second medium.

When an incident ray strikes an interface, most of the light will be refracted. The angle between the refracted

ray and the normal is the angle of refraction.

Some of the light will get reflected. The angle between this reflected ray and the normal is still called the angle

of reflection.

Spear Fishing:
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Snell that? That's the Snell of Science.
There are two laws of refraction.

The first law of refraction is known as Snell's Law and is in the form of the following equation:

n1 Sin 0r = rlzsinfl2

Where:
n1 = incident substance
01 = angle of incidence
n2 = refractive substance
02 = angle of refraction

The second law of refraction states that the incident and refracted rays are on opposite sides of the interface,

and opposite sides of the normal.

We will use Snell's law extensively to study how light behaves at an interface.

tf light is travelling from less refractive medium (small n, fast speed of light) to a more refractive medium (big n,

slow speed of light) the light will bend towards the normal.
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lf light is travelling from a more refractive medium to a less refractive medium then light will bend away from

the normal.
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Ex. An incident light ray is trav.elling in ite.
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It hits an ice-beryllium glass interface at 45.0". What is the angle of
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Ex. A cube of an unknown substance is submerged in water. lf an incident ray travelling through the water

strikes the unknown substance at 20.0" and produces an angle of refraction of 77.2", what is the unknown
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different colors on the spectrum.

This phenomenon is due to different wavelengths of light (or colors) having unique speeds in substances.

Therefore, each color of light will bend at a slightly different angle, making them separate.

7r,f o aaL



Total. Internal. Reflection.
The angle of refraction depends on two things: the substances involved, and the angle of incidence.

lf the incident substance is more refractive than the second substance, then the ray will refract away from the

normal. Therefore, as the angle of incidence increases, so does the angle of refraction.
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lf this is the case, then there should be an incident ray which will produce an angle of refraction of 90".
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ihe critical angle for two substances is an angle of iniidence that produces an angle of refraction of 90". This is

always the same for two substances.

lf the angle of incidence is greatel than the critical angle, the ray will reflect. This is called total internal
reflection.

Remember - this is only possible if n1 >

.\"n-\/Y
lo3"
*:

g
fi,>/1,)4-

{1,

f) *

Snell's law can be used to find the critical angle.

this situation:

Note: n1 > n2 )'^t'=7
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A good idea when doing problems where h1 ) n2 is to find the critical angle for the two substances. Then, if your

incident angle is greater than the critical angle you will get total internal reflection.

Ex. What is the angle of refraction if the incident angle of a light beam strikes the following interfaces at 35.0'.

lf it reflects, what is the angle of reflection?
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At the critical angle, the refracted ray will travel parallel to the interface. The greater the difference is between

the indices of refraction, the smaller the critical angle.

For example, the critical angle between diamond and air is smaller than the critical angle between diamond and

water.

Light Me Up
The science of measuring properties of light is called photometry.

We all know that the brightness of light depends on two things: the amount of light produced from the light, and

the distance the observer is from the light. The rate at which visible light is emitted from a source, or the power

output, is called the luminous flux (P). The unit of luminous flux is the lumen (lm).

light bulbs emit light in all directions.
at the center of the sphere.

Most lights we will deal with will be of the inca

Therefore, we could imagine a sphere made of

A standard 100 W incandescent light bulb will emit 1750 lm, meaning that if the light were at the center of a

sphere then 1750 lm indicates all of the light that strikes the ins[de surface of the sphere during a given time
period.



We are usually more concerned with the amount of light that falls on a particular area, like a book or a desk.

The amount of light that falls on a given area is called illuminance (E). The unit of illuminance is lm/m2.

However, physicists call 1 lm/m2 a lux (lx).
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Ex. How far away is a light source 
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E = ittuminance (lm/m2) (9r )
P = luminous flux (lm)

r = distance object is from light (m)
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0 lx under a light producing 1500 lm?
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As a surface gets farther and farther from a light source, it becomes less illuminated. In fact, the illuminance of a

surface varies inversely with the square of the distance from the light source.

Ex

So, if you double the distance from a light source,

then the if luminance is cut down to %. lf you
triple the distance, then the surface has only 1-/9

the illuminance.

{:a
To compare two light sources, we Bn use this inverse-square relationship. First, find out how many times

farther one object is from the source compared to the other. Then, use the inverse square relationship.



.Bl,
'(a

rt 2
/fno L/

---'-r4

), oom
t-ar'

(L"ot,

F t*,

Ex. How much more illuminance does object A have sitting 3.00 m

1"2.0 m from the source? After, compare object B to A.

from a 1-750 lm source than object B sitting
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Ex. What is the comparison if we changed the light bulb from 1750 lm to 2500 lm?
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So, to summarize,if you wanted to increase the illumination of an object you could increase the output of the

light source, or decrease the distance between the light and the object.

Intensity
The intensity of a light source is the luminous flux that falls on a square meter of a sphere with a radius of 1m.

Inotherwords,intensityisameasureofthebrightnessofthebulb. So,ifyouhadanintenselightbulb,itwould
be very bright 1 m away from it when you compare to a dim bulb from the same distance.

The unit for intensity is the candela (cd). This is derived from the old unit for intensity - candle power.

Since our radius of the 'light sphere' emitted by the bulb is 1- m, then we get the following equation for intensity:
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Ex. What is the luminous intensity of a bulb with 1750 lm?
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Ex. What is the luminous flux of a 1.5 cd light bulb?
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Another equation that involves intensity is:

Iu=d,

Ex. What is the illumination of an object sitting 2.00 m from a
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Where:
E= illuminance (lx)

| = intensity (cd)

d = distance from source (m)
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There are two trickier situations we can introduce now. The first is when we have two objects at different

distances from the same light bulb. The key for this situation is to notice that the light bulb will have the same
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intensity since the properties of the bulb do not change.
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Ex. A screen 5.00 cm away from a bulb has an illumination of 30.0 lx. Another screen is 8.50 cm away from the
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EachThe other situation is when we have different light sources providing the same illumination on an object.

light source will have its own intensity, so mathematically:
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